We examine dimension-six extensions of the standard electroweak Lagrangian which are invariant under local SU(2) L × U(1) Y -transformations. The dimensionfour trilinear and quadrilinear effective interactions of the vector bosons with one another are found to coincide with the vector boson interactions previously derived from global SU(2) weak isospin symmetry broken by electromagnetism. Supplementing the model by a well-known dimension-six single-parameter quadrupole interaction leads to the most general vector boson self-couplings that can be obtained by addition of dimension-six terms to the standard Lagrangian. We examine in some detail another SU(2) L × U(1) Y -symmetric interaction which contains W 3 B mixing and modifies both vector boson self-couplings and fermionic interactions. Independently of being strongly constrained by the LEP 1 data, the addition of this interaction to the above-mentioned non-standard ones does not change the form of the trilinear and quadrilinear non-standard self-couplings of the vector bosons. Therefore, while being interesting in itself with respect to LEP 1 physics, this term is irrelevant with respect to the phenomenology of the vector-boson self-interactions.
Introduction
The body of presently available data [1] on electroweak phenomena is in excellent agreement with the predictions of the standard SU(2) L × U(1) Y electroweak theory [2] . The agreement between theory and experiment is particularly noteworthy with respect to the LEP 1 data which are precise enough to be sensitive to effects beyond the simple tree approximation of the standard Lagrangian.
Concerning loop effects, it must be stressed, however, that the agreement between theory and experiment is largely based on the well-understood QED contribution of fermion loops to the photon propagator, the "running" of the electromagnetic fine structure constant, i.e., α(M , and the violation of global SU(2) symmetry induced by the heavy-topquark-loop. Quantitatively, this is seen by comparing the exact one loop predictions with the ones of the dominant-fermion-loop approximation [3, 4] . One finds that the contribution of the M H -dependent bosonic loop corrections is of the order of magnitude of the LEP 1 experimental errors. The small bosonic loop corrections appear as a consequence of the renormalizable non-Abelian SU(2) L × U(1) Y structure of the couplings of the vector bosons with one another and the assumed existence of the Higgs scalar particle. The consistency between theory and the LEP 1 precision data may thus be considered to be a major triumph of the standard model, although the bosonic loop corrections have not been quantitatively determined, as evidenced by the uncertainty in the Higgs-boson mass, M H , extracted from the LEP 1 precision data.
The fact that the boson-loop vacuum-polarization effects and, accordingly, the trilinear and quadrilinear couplings among the vector bosons are not precisely determined by the LEP 1 data provides sufficient reason to perform direct measurements of the trilinear self-couplings in e + e − → W + W − [5, 6] and of the quadrilinear ones in e + e − → W + W − Z, W + W − γ [7, 8] . Such a program can be started at LEP 2 and continued in the more distant future at a linear e + e − collider with an energy of, e.g., √ s = 500 GeV (NLC) [9, 10] . On the other hand, even though any theory which correctly describes the interactions of the vector bosons with the leptons and the quarks and which yields sufficiently small deviations from the standard model in the sector of gauge-boson self-interactions would be compatible with the LEP 1 data, it is evidently an important question to be asked, whether at all we can think of alternatives to the standard-model couplings among vector bosons which fulfil the LEP 1 constraints.
Some time ago, it was suggested (KMSS model [11, 12] ) that vector-boson self-couplings alternative to the standard ones can indeed be introduced with a certain amount of credibility, provided a minimum amount of symmetry is required for the couplings in addition to Lorentz invariance and electromagnetic gauge invariance. Restricting oneself to dimensionfour terms in the bosonic Lagrangian and requiring that global SU(2) weak isospin symmetry be broken by electromagnetism only (by γ − W 3 current mixing, in particular), one easily reconstructs the standard model in the fermion sector, but obtains an alternative to the standard model for the trilinear couplings of the vector bosons to one another. While Lorentz invariance and electromagnetic gauge invariance in general allow for three independent dimension-four trilinear couplings among the vector bosons, the underlying global SU(2) weak isospin symmetry in the KMSS model restricts the number of free couplings to two independent ones. Dimension-four trilinear and quadrilinear self-couplings altogether are described in terms of four free parameters. The standard SU(2) L × U(1) Y theory is recovered for a specific choice of these four parameters.
In the present work, we will examine a dimension-six extension of the standard model, which is invariant under local SU(2) L × U(1) Y transformations. It contains two free coupling constants and the Higgs scalar doublet in an essential manner. We will find that the trilinear couplings of the vector bosons to one another, and also the quadrilinear couplings of the abovementioned KMSS model, provided certain qualifications are valid, are precisely reproduced by this dimension-six SU(2) L × U(1) Y invariant extension of the standard Lagrangian. Originally [11] , no use of the Higgs scalar was made, deliberately, in the ansatz for the KMSS Lagrangian. One may in fact even challenge the very idea of introducing dimension-six nonrenormalizable Higgs interactions, as the Higgs scalar was introduced originally to assure renormalizability. Nevertheless, the introduction of non-standard Higgs interactions in the KMSS model reduces the cut-off-dependent bosonic loop divergences in physical quantities to logarithmic ones and, accordingly, protects its predictions from disagreeing with the LEP 1 empirical data [13, 14] . [6] to what extent future data agree with, e.g., the standard-model predictions.
A more general model with non-standard couplings among the electroweak vector bosons is obtained if the KMSS Lagrangian is extended by adding a dimension-six quadrupole interaction among the vector bosons. It is well known [15] that the appropriate use of non-Abelian field-strength tensors allows one to introduce a quadrupole interaction which is invariant under local SU(2) L × U(1) Y transformations and determined by a single free parameter for both the γW + W − and the Z 0 W + W − interactions. We will convince ourselves that the resulting three-free-parameter model is indeed the most general SU(2) L × U(1) Y -symmetric dimension-six extension of the standard theory containing non-standard vector-boson selfinteractions, provided the vector-boson-fermion sector is required to remain unmodified and higher derivatives as well as C-and CP -violating terms are excluded.
Another single-parameter dimension-six extension of the standard model, which, however, affects vector-boson fermion interactions apart from the interactions of the vector bosons among each other, has recently received much attention [16] . Essentially it consists of adding a W 3 B current-mixing term to the standard Lagrangian. The mixing term is accompanied by non-standard Higgs interactions and non-standard trilinear couplings of the vector-bosons to one another in such a manner that the resulting interaction becomes invariant under local SU(2) L × U(1) Y transformations. We will demonstrate that the W 3 B current-mixing term in the Lagrangian can be removed by an appropriate diagonalization procedure. Apart from the (standard and non-standard) interactions of the Higgs scalar particle, the model, upon diagonalisation, turns out to be a revival of the Hung-Sakurai Lagrangian [17] . This model in itself is of much interest, as it allows one to quantify [4, 18] deviations from the standard SU(2) L × U(1) Y symmetry of vector-boson fermion interactions. For e + e − → W + W − , the Hung-Sakurai model leads to a fairly decent high-energy behaviour [17] , a feature rediscovered in [16] and erraneously uniquely associated with the local SU(2) L × U(1) Y symmetry obtained when introducing non-standard Higgs interactions in addition to formulating W 3 B current mixing with the non-Abelian W-field tensor. The additional Higgs interactions are irrelevant, however, for the behaviour of the cross section for e + e − → W + W − . Quite apart from the fact that W 3 B mixing is strongly constrained [4, 16, 18] by the LEP 1 data, it will be shown that the omission of an additional W 3 B mixing term does not lead to any loss of generality concerning the empirical implications of the aforementioned general three-parameter model with respect to non-standard vectorboson self-couplings, since the form of the relations among the non-standard couplings is independent of the presence of L W B .
In section 2, we briefly review the parametrization of the trilinear couplings of the vector bosons among one another. In section 3, we rederive the KMSS model by extending the standard model by interaction terms, which are invariant under local SU(2) L × U(1) Y transformations. In section 4, we add the SU(2) L × U(1) Y -invariant quadrupole term to the Lagrangian and comment on the generality of the so-defined three-free-parameter Lagrangian. Various additional terms can be disregarded, as they can simply be removed by field and coupling-constant redefinitions. The recent claim [16] that certain non-standard terms are a priori "unnatural" is commented upon. Section 5 is devoted to a thorough discussion of the W 3 B current-mixing extension of the standard model. Final conclusions will be drawn in section 6.
Parametrization of Trilinear Vector-Boson SelfCouplings
If we disregard the theoretically somewhat remote CP-violating couplings 1 of the vector bosons with one another and a C-violating anapole term, the most general trilinear couplings of electroweak vector bosons are contained in the effective Lagrangian (e.g., [20] )
where
, and g ZW W , κ γ and κ Z denote the ZW + W − coupling and the electromagnetic and weak dipole moment, respectively. The strengths of the dimensionsix quadrupole terms, not present in the standard model, are denoted by λ γ and λ Z . It is convenient to rewrite (2.1) in a form [6] which is linear in the deviations from the standard couplings (given by
Compare, however, ref. [19] for an unambiguous empirical test of CP invariance via comparison of certain W + and W − density-matrix elements.
, where e is the electromagnetic coupling strength and g denotes the coupling of the W -field to the weak isospin current. Non-standard trilinear couplings will be expressed in the form (2.2) in the subsequent sections.
The KMSS Model
Several years ago, a model of trilinear and quadrilinear vector-boson self-interactions was suggested [11] which contains four free parameters, two of these in the trilinear sector. The model is based on the minimal set of assumptions necessary for an empirically succesful description of the vector-boson-fermion interactions. It extrapolates into the bosonic sector of the theory. In the bosonic sector all dimension-four interactions among vector bosons which fulfil a global SU(2) weak-isospin symmetry are allowed. This symmetry is broken by the (primordial) photon, in particular via mixing in the neutral sector. For an appropriate choice of the mixing strength, one recovers the standard vector-boson-fermion interactions, but obtains non-standard interactions of the vector bosons with one another. The latter ones are given by [11] 
This Lagrangian contains an arbitrary coupling constant,ĝ, which characterizes the strength of the SU(2)-invariant trilinear vector boson self-interactions as well as an arbitrary magnetic dipole moment of the W ± boson, κ γ , and two parameters,ĝ andg, which appear in the quadrilinear interaction terms only. The trilinear part of (3.1) is easily seen to have the form (2.2) with
while x Z is related to x γ via
The quadrupole interactions are absent in (3.1), i.e. y γ = y Z = 0. Relation (3.3) is a consequence of requiring global SU(2) symmetry in the limit of vanishing coupling of the W ± to the (primordial, unmixed) photon. Relation (3.3) can only be violated at the expense of allowing for an extra isolated term of the form
which violates SU(2) symmetry intrinsically, i.e., independently of the presence of the (primordial) photon field in the neutral sector. To summarize, the trilinear couplings in the KMSS model are characterized by two free parameters, δ Z and x γ , and the relation (3.3) expressing x Z in terms of x γ . We turn to a reconstruction of the KMSS Lagrangian (3.1) from a gauge-invariant extension of the standard model. In particular, we consider the Lagrangian
and
Here, Φ denotes the standard complex scalar Higgs doublet field,
Its covariant derivative is given by
denotes the non-Abelian vector field, and
are the field strength tensors. As usual, g ′ denotes the U(1) Y coupling, g ′ = e cos θ W . Passing to the physical photon and Z 0 fields in (3.5), one finds that indeed the trilinear boson sector has the form (2.2) with
and the constraint
which is identical with (3.3). The trilinear vector-boson interactions described by the SU(2) L × U(1) Y -invariant Lagrangian (3.5) indeed coincide with the trilinear vector-boson interactions of the KMSS model, (3.1), based on global SU(2) symmetry broken by electromagnetism. This result is of no surprise, as the dimension-six interactions (3.6) and (3.7) upon spontaneous symmetry breaking fulfil the requirement of restoration of global SU(2) symmetry for vanishing hypercharge coupling constant, g ′ . Indeed, the contribution of L Bφ to the Lagrangian (3.7) vanishes in this limit, while the trilinear couplings contained in L W φ have the form
i.e., there is no isolated term of form (3.4) present, which would violate SU(2) symmetry intrinsically 3 . The quadrilinear couplings contained in the Lagrangian (3.5) (apart from terms of order δ 2 Z ) coincide with the special case of the KMSS model obtained by imposing the conditionŝ
which reduce the number of four free parameters to two independent ones, δ Z and x γ . Using the connection (3.12) between the parameters δ Z , x γ and ǫ W φ , ǫ Bφ , the Lagrangian (3.5) may be rewritten in a form which directly allows one to read off its properties with respect to the trilinear boson couplings,
Two special cases are worth noting. The omission of the interaction of the hypercharge field [7] , L Bφ , corresponds to
and, upon using (3.13),
and reduces the model to a single-parameter (δ Z ) model for trilinear and quadrilinear interactions among the vector bosons. In this case, trilinear and quadrilinear interactions of the vector bosons with one another are such that [22] the most strongly unitarity-violating terms of order s 2 in tree amplitudes for the scattering of massive vector bosons are absent. Equivalently, quartic divergences in one-loop corrections to the ρ-parameter [23] (without any Higgs contribution) are absent if (3.17) is imposed. It was originally this requirement of a (moderately) decent high-energy and loop behaviour by which the condition (3.17) was introduced (BKS model, [22, 23] ) in the KMSS model.
A second special case of (3.16) amounts to the omission of L W φ via
In this case x γ only and x Z = −x γ (sin θ W / cos θ W ) remain as non-standard couplings.
With respect to the quadrilinear coupling strengths we noted that the SU(2) L × U(1) Ysymmetric Lagrangian (3.5) yields a two-parameter reduction of the quadrilinear couplings in (3.1) which is characterized by the constraints (3.15). For completeness, we remark that the more general four-parameter Lagrangian (3.1) for the couplings of the vector bosons among each other can also be obtained within an SU(2) L × U(1) Y symmetric ansatz, at the expense, however, of allowing for dimension-eight terms. One has to add the terms
to the Lagrangian (3.5) with the identification In the dimension-six extension of the KMSS model we restricted ourselves to the standard linear realization of the SU(2) L × U(1) Y symmetry, spontaneously broken via the Higgs mechanism. It seems appropriate to add a remark on the alternative of realizing the SU(2) L × U(1) Y symmetry in a non-linear way [25, 26, 28] . Such a non-linear representation is obtained by replacing the Higgs doublet Φ in (3.6) and (3.7) by an expression which is nonpolynomial in the pseudo-Goldstone fields, via
The model obtained via this substitution in (3.6) and (3.7) is symmetric under local SU(2) L × U(1) Y transformations without containing a physical Higgs particle, and the KMSS model is now obtained by choosing the unitary gauge. Due to the absense of the Higgs scalar, this formulation of the model leads to quadratic divergences at the one-loop level in LEP I observables. The aforementioned quadratic dependence [13, 14] Supplementing the Lagrangian (3.5) by a well known quadrupole term [15] constructed from the non-Abelian field-strength-tensor W µν (3.11),
It turns out that ǫ W in (4.2) is identical to y γ in (2.2),
while [15] 
We note that the loop effects on LEP 1 observables due to the quadrupole interaction (4.1) were recently examined in [16] . As expected from the underlying local SU(2) L × U(1) Y symmetry, an only mild logarithmic cut-off dependence remains after renormalization. In this sense all three non-standard interactions in (4.2) are equivalent to each other, even though, on the other hand, L W Φ and L BΦ lead to a quadratic dependence of LEP 1-observables on M 2 H , while (obviously) no M H -dependence is present in the loop corrections from L W .
We will convince ourselves that the addition of the quadrupole interaction to the KMSS model yields the most general 5 SU(2) L × U(1) Y -symmetric dimension-six extension of the standard model as far as the interactions of the vector bosons with one another are concerned, provided a few restrictive assumptions are introduced to be specified immediately. When claiming the generality of (4.2), we are restricting ourselves to adding C-and CPconserving interactions only. Interactions containing higher derivatives are omitted, and we have obviously restricted ourselves to deviations from the standard model which leave the empirically well-known fermion interactions untouched.
The omission of a few particular terms in (4.2), nevertheless, needs to be discussed when claiming generality of (4.2). First of all, there are two dimension-six terms
which contain the non-Abelian field-strength tensor W µν . By carrying out a suitable redefinition of the W field and of the coupling g, the terms (4.5) and (4.6) can be shown to be reduced to non-standard interactions containing the Higgs scalar, while neither the fermionic interactions nor the interactions of the vector bosons among each other are affected. The terms (4.5) and (4.6) can be neglected without loss of generality.
Another interesting dimension-six interaction is given by
It contains W 3 B mixing and in addition a non-standard B W + W − interaction (apart from non-standard Higgs terms). As mentioned in the introduction, this interaction, when added to the standard Lagrangian, yields the Hung-Sakurai electroweak model [17] supplemented by non-standard Higgs interactions. The term (4.7) is of interest with respect to LEP 1 physics (in fact, its strength is strongly suppressed [4, 18] from LEP 1 data), but irrelevant with respect to non-standard boson couplings, as its addition to (4.2) leaves the form of the non-standard vector-boson self-interactions unchanged. This will be discussed thoroughly in section 5.
With respect to the point of view recently expressed, that the interactions L W Φ , L BΦ and L W are "contrived" [14] and "unnatural" [16] , a few additional comments may be appropriate. As an example, we consider L W Φ as defined by (3.6). Identical arguments can be given for L BΦ and L W . The physical content of the theory described by the Lagrangian
remains invariant if the W µ field is replaced by
The invariance of the theory is due to the fact that a field transformation in the path integral does not change the theory 6 . To order ǫ W Φ , the substitution (4.9) yields the Lagrangian
which is equivalent to (4.8), even though it looks rather complicated. Formula (4.10) and similar ones for L BΦ and L W were given in [16] 7 . While L W Φ , according to its definition (3.6), only yields bosonic loop effects on LEP 1 observables, the form (4.10) of the Lagrangian now suddenly contains terms which, taken by themselves, contribute at tree level to LEP 1 observables, since they involve non-standard fermion interactions. One may explicitly convince oneself that the tree-level effects of (4.10) on LEP 1 observables cancel, as obviously implied by the equivalence of (4.8) and (4.10). The fact that the interactions L W B and the fermionic term in (4.10), when individually analyzed, are strongly suppressed by the LEP 1 empirical results thus appears to be irrelevant for the strength and possible presence of L W Φ . In other words, from the fact that certain fermion-boson terms are absent one can hardly deduce that also purely non-standard bosonic interactions are absent in nature. Indeed, it is not a priori excluded that precisely the purely bosonic sector in which the non-Abelian structure of the gauge group and the spontaneous symmetry breaking via the Higgs mechanism are manifest deviates from orthodoxy. Direct empirical tests of the boson sector seem unavoidable. Moreover, we note that an interaction term, such as L W Φ (3.6), can hardly be considered as "unnatural" [16] , simply because, by a fairly involved field transformation, it can be cast into a lengthy and awkward form, such as (4.10).
Non-Standard Gauge-Boson Interactions
In this section, we briefly collect the various standard and non-standard interactions implied by the three-parameter Lagrangian (4.2). We will use the parameters δ Z , x γ and y Z , which are related to the couplings ǫ W Φ , ǫ BΦ and ǫ W by (3.12) and (4.3). We will restrict ourselves to the relevant trilinear and quadrilinear boson couplings (in the unitary gauge, ϕ a ≡ 0). Multi-particle vertices of fairly remote significance are not listed.
Trilinear Gauge-Boson Self-Interactions
The trilinear couplings are parametrized as in (2.2). With (3.3) and (4.4) one finds in terms of δ Z , x γ and y γ
The three-gauge-boson interaction differs from the standard model in the overall normalization of the Z 0 coupling and in the non-standard dipole and quadrupole terms, in which the relative strengths of the Z 0 and γ couplings are fixed, however.
Quadrilinear Gauge-Boson Self-Interactions
L BΦ does not contain quadrilinear gauge-boson self-interactions. Thus, the non-standard quadrilinear couplings only depend on ǫ W Φ and ǫ W or, alternatively, by use of (3.12) and (4.3), on δ Z and y γ . L W Φ simply changes the coupling constants of the Yang-Mills interactions, while L W yields extra couplings containing field strength tensors, 
4.3 Leading Amplitudes for e + e − → W + W
−
The effective Lagrangian (4.2) spoils the decent (O(s 0 )) high-energy behaviour of the treelevel helicity amplitudes for e + e − → W + W − as given in the standard model. The helicity amplitudes for arbitrary parameters δ Z , x γ , x Z , y γ and y Z as defined in (2.2) may be found in [6] and [9] . Using the constraints (3.3), (4.4), we list the tree amplitudes to O( √ s) and higher.
For equal transverse polarizations of the W 's and lefthanded electrons the leading amplitude
depends on the quadrupole term, only. For righthanded electrons the amplitude is O(s 0 ).The amplitude for two W 's with opposite transverse polarizations is also O(s 0 ). The amplitude for two longitudinally polarized W 's, 16) gets no contribution from the quadrupole term and is determined by the modifications of the Yang-Mills couplings, δ Z and x γ . It has the same high energy behaviour as the amplitude (4.15) for equal transverse polarizations. For one longitudinally and one transversely polarized W the amplitude
with τ = +1 for
(where the signs in parentheses after the W ± denote the helicities of the W ± ) is only O( √ s). In the above formulae, a and b are the vector and axial couplings of the Z 0 given by
for lefthanded and righthanded electrons, respectively, and ϑ is the center of mass scattering angle.
From (4.15) and (4.16) we conclude that even with the constraints (3.3) and (4.4) there is always at least one amplitude which grows as O(s), unless all three parameters δ Z , x γ and y γ are simultaneously zero. Thus, the effects of the model we consider lead to a cross section for e + e − → W + W − which grows as s in the terms bilinear (quadratic) in δ Z , x γ and y γ and is O(s 0 ) in the linear terms, while in the standard model the cross section decreases as s −1 . The sensitivity to non-standard couplings increases substantially with increasing energy.
The Term L WB
The interaction term L W B in (4.7) contains mixing in the neutral gauge-boson sector, W 3 µν B µν , as well as non-standard trilinear interactions, W
µν , between the B field and the charged vector bosons. It also contains non-standard Higgs-interactions. We will see that the Lagrangian resulting by adding L W B to the standard Lagrangian, apart from the non-standard Higgs-interactions, coincides with the Hung-Sakurai model [17] . In other words, the term L W B essentially yields an extension of this latter model which is invariant under local SU(2) L × U(1) Y transformations quite similar to the terms L W Φ and L BΦ which yield a locally invariant extension of the KMSS model. 
W
we consider that part which describes the vector-boson-fermion interactions and the terms quadratic in the gauge-boson fields,
The Lagrangian contains a mass mixing (W .2) in a form that contains either mass mixing only or current mixing only, respectively. In the current-mixing form the Lagrangian will be seen to coincide with the Hung-Sakurai Lagrangian.
One easily verifies by direct substitution that the transformation
removes the current-mixing term in (5.2), modifies the mass matrix by terms that depend on ǫ W B and introduces an interaction of the hypercharge field, B ′ µ , with the third component of the weak isospin current, J 3 µ , i.e., the neutral current part of (5.2) becomes
Now consider the Hung-Sakurai model [17] . In this model, global SU(2) weak isospin symmetry is broken by electromagnetism. This breaking is of the strength λ and is implemented by a current-mixing term. There is no mass mixing; instead, the third component of the weak isospin W -triplet has the mass M W , as required by global SU(2) invariance. The Hung-Sakurai Lagrangian is thus given by
To see the equivalence of the Lagrangians in (5.2), (5.4) with (5.5), the mass-mixing term in (5.4) has to be replaced by a current-mixing term of appropriate strength. The replacement is achieved by applying a transformation to the fields in (5.4) which coincides with the inverse of (5.3), apart from replacing ǫ W B by a new parameter, λ, viz.,
The parameter λ has to be chosen such that the mass mixing disappears and the primordial photon field,Ã, couples to the electromagnetic current. Upon substituting (5.7) into (5.4), one finds that indeed (5.4) is converted into the form (5.5), provided λ is chosen as
and e is identified with
Passing to e, g, M W and λ as basic parameters of the theory and using (5.9) to eliminate g ′ , we may express λ as
Using this form of λ allows one to represent the Hung-Sakurai Lagrangian (5.5) in terms of e, g, M W and the B µν W 3 µν current-mixing strength ǫ W B in (5.2). We note the linear approximation of (5.10),
On the other hand,
where ǫ is identical to the parameter introduced in [18] . Thus
The parameter −ǫ coincides [18] with the non-standard contribution to the frequently used parameter ǫ 3 [31] .
The transition to the physical fields, i.e., simultaneous diagonalization of the mass and the kinetic term [30] , may be carried out either by applying the transformation
to the Lagrangian (5.2) or by applying
to the Lagrangian (5.5). One obtains 8 (in the neutral sector) 17) while the mass of the Z 0 turns out to be
Introducing the Fermi coupling, G F , 19) and using (5.17) and (5.18), we may replace the input parameters e, g, λ and M W by the set α, G F , M Z and M W . One obtains 20) or, by solving for
The relation between ǫ W B and the set α, G F , M Z and M W is contained in (5.18), (5.10) and (5.19) . By solving for M 2 W one obtains 22) where B is defined by
For small ǫ W B we have
The parameter ǫ introduced in (5.12) may be written as a function of sin 2 θ W , 25) or, alternatively, as a function of M W , 26) and (5.13) becomes
Observability of L WB
When deducing ǫ from the empirical data on the W-mass, the LEP 1 and the low-q 2 data, radiative corrections have to be taken into account. The dependence of the radiative corrections on the (unknown) value of the top-quark mass, m t , implies a dependence on m t [4] of the value of ǫ deduced from the data. A careful two-parameter fit [18] gave the result
This result was based on a fit to the combined LEP 1 data [33] , the W-mass measurement [34] , and the low-q 2 data [35] . A new evaluation based on the most recent LEP 1 data will significantly diminish the error in the determination of ǫ. Such a fit will be presented elsewhere.
In the present paper, we will restrict ourselves to a brief discussion of the dependence of the error in the determination of ǫ resulting from the experimental errors in The replacements (5.30) and (5.31) take into account radiative corrections with sufficient accuracy for the present purpose of estimating the accuracy with which ǫ can be determined from the data. A dependence on m t enters in (5.29) via the m t -dependence of the ρ-parameter (e.g., [4] ). The value of ∆ǫ, however, changes by less than 4% if m t is varied from 100 GeV to 200 GeV. The numerical evaluation of (5.29), using the present error in the W-mass measurement [34] , Inserting for ∆s 2 W the error deduced from the charged lepton forward-backward asymmetries, using the LEP 1 results given in [33] and the most recent ones given in [37] , as well as the future accuracy expected by combining LEP 1 and SLC data [1] , we obtain, respectively, ∆ǫ(sin 
i.e., using (5.18), x Z is given in terms of x γ by
